A nonradiative electronic transition in benzene occurs at about 2400 cm -1 above the zero-point vibration of the *B2u electronic state. The rate-determining step may be the vibrational relaxation of the product or the nonradiative transition itself. The rate of the latter is limited to 10 s <C k\c < 10 11 sec -1 in the vapor at 100 torr and kxc ~ 10 12 sec -1 in liquids. There are also limiting values in liquids for the threshold energy and the rate of vibrational relaxation of the initial state.
Introduction
Two nonradiative transitions from the 1 B2u electronic state of benzene have received attention. The first (rate kx) dominates in the gas state when the excitation wavenumber is below 40,000 cm -1 and in liquid or glassy solutions below 200 K [1] [2] [3] [4] . This is an intersystem crossing that originates near the zero-point vibrational level 5 , probably occurs in the isolated molecule 6 ' 7 , and is not obviously sensitive to changes of intermolecular forces [1] [2] [3] [4] [5] [6] [7] . The second transition (k2) dominates in the gas state with excitation just above 40,000 cm -1 and in liquids above 300 °K [8] [9] [10] [11] . The two processes are related to the fluorescence quantum yield q, the spontaneous emission rate k0 , and the total nonradiative decay (rate 2 k) by
\ y / i although the second equality has yet to be demonstrated quantitatively. (We consider only transitions that occur below 42,000 cra^1 in the gas state.)
In liquid solutions at a given temperature the total rate of nonradiative decay increases regularly with increasing electrostatic-and London-interactions between benzene and the solvent 12 ' 13 . At 25 °C k* constitutes over 70% of the total 10, 12 , and an approximation with a single Arrhenius exponential gives k2 = k2° e~E^k T (2) where k2° = 10 11 -10 13 sec -1 and 14 E2/h c = 2400 cm -1 . In the present report the author compares a few mechanisms for the effects that intermolecular forces may have on the second process (on k2° or E2). The basic theory is given by ROBINSON 15 and BURLAND and ROBINSON 16 . Some of the relevant data are summarized in Table 1 and Fig. 1 . 
<1
Hypothetical limits only for a vapor with two vibrational levels in equilibrium; 2 = { 2 + k2° e~Et! kT } with 2 ÄJ = 0.11 x 10 8 sec" 1 , E2/h c = 1600 cm" 1 , and 10 8 < k2° < 10 U sec" 1 .
«' i =*= 2 e If all molecules of the dissolved benzene were equivalent (see Ref. 40 ). 
Mechanism
We consider only an idealized stepwise mechanism ( Fig. 2) in which either the vibrational relaxation of the primary product (Case I in Table 2 ) or the nonradiative transition itself (Case II) determines the rate (h). This idealization of independent steps will break down in a more complete treatment, for the duration of the rate-determining interaction will depend at least partly on the average rate of the other fast process 17 .
In the gas state (Fig. 2 A) Fig. 2 .) The vibrational relaxation rate kT0 is pressure dependent and is slightly different for different vibrational sublevels. However, in all observed cases it is near the hard-sphere collision rate 6 ' 23 . At 100 torr this gives a lower limit of £AC> 10 8 sec -1 . An upper limit is obtained from the linewidth dE/hc< 1 cm -1 in the fine structure of the UV absorption of benzene. Using the uncertainty relation, kAQ<dE/h^lO n sec -1 .
In liquid solutions (Fig. 2 B) the fluorescence quantum yield q is independent of the frequency of the exciting light 2 ® so that &AC <C. kT0 , and
where the brackets indicate concentrations and E\ is the thermal activation energy.
Rate-Determining
Step. The activation energy in solution E2/hc = 2400 cm -1 agrees with the threshold energy in the gas state ( Fig. 1 ) so little thermally-excited back reaction (&on) occurs in liquids.
Otherwise the activation energy would have been the difference E2 = (EA -Ec) 27 • The measured E2 becomes E\ of the mechanism, and the pre-exponential k2° becomes the rate k of the rate-determining step.
The Arrhenius pre-exponential measured in liquids k2° must be equal to or less than the nonradiative transition rate k\c , k2° ^ kAc ? and also kAc < kro . Various measurements on other systems would place kTO^10 n sec -1 (see Refs. 28~32 ), but the resulting inequality k2° < . 27 The location of state C0 in Fig. 2 
is immaterial as long as it
is not close to state Ar, and even then the Boltzmann population factor is near unity and the backward step can be neglected. 28 The rate for vibrational relaxation in the *B2u state of benzene dissolved in liquids is not known. However in the ground state of benzene it is reported to be about 10 10 sec" 1 (see 29 -31 ). In an excited state of azulene it is reported to be about 10 11 sec -1 (see 32 ).
consistent with the activation energy E2/hc = 2400 cm -1 and the degree of fluorescence quenching, which gives Ä;2°>10 11 sec -1 (see Ref. 10 ). We must either abandon the simple Arrhenius approximation and use a more exact representation of the rate 33 , or use a higher rate for vibrational relaxation 34 ,
The rate-values (k2° = k) obtained both in the vapor and in the liquid are similar to the rates expected for vibrational relaxation in the product. If this is the rate-determining step (Case I, Table 2 Although vibrational relaxation of the product has been invoked as a rate-determining step in photochemical tautomerizations 36 ' 37 , in the present case there is a quantitative difficulty. When 2537 A excitation is used, the vibrational relaxation of the populated benzene levels requires few hard-sphere collisions 6 . If we apply this result to both the initial (Ar) and final (Cn) resonant levels under consideration (kn0^kT0, about 450 cm -1 higher than reached with 2537 A excitation), there is little room to explain the irreversibility of the transition in the gas state, which requires kno>kvo.
One may expect the irreversibility to appear more naturally when the rate-determining step is the nonradiative transition itself, k2° = k = k\,Q (Table 2, Case II). A forward bias in the densities of states oac>(?ca then drives the reaction.
Solvent Effect
In the liquid solutions studied the distance between the molecules does not change much when the solvent is changed, so the intermolecular force is approximately proportional to the minimum depth of the bimolecular potential. As a convenient mea- It is seen that the nonradiative transitions are exceptionally rapid in water and chloroform. Much of this acceleration is caused by energetic electrostatic-and London-interactions, as shown by the correlation between the nonradiative transition rate and the (0 -0) 1 B9U -! Aig UV absorption intensity, which increases with increasing electrostatic-and London-interactions 39 and for the solvents considered is most intense in water and chloroform 12 . The high rate in water is to be expected from the high dipole moment. In chloroform, however, the rate is far above that expected. In this solvent, the integrated UV absorption suggests that complexes with benzene are present 12 . In such complexes the effects of electrostatic-and London-interactions may be greater than they are in randomly oriented spheres of solvation 40_42 .
Intramoleculer Coupling
Symmetry Rules. If the rate-determining step is a nonradiative electronic transition coupled through intramolecular vibrations (Case II B, Table 2 ), the intermolecular forces may induce or accelerate the transition by removing restrictions of symmetry. For example, the primary product may be the 1 Ajg ground state. (A relatively large density of final states £>ae favors such an internal conversion at 40,000 cm -1 (see 15 ' 43 ) . In this case, the geometry change that accompanies the nonradiative transition is small, and the corresponding vibronic selection rules 33 ' 44 show that the transition is coupled by the b^u {vu or v15) vibrations in the isolated molecule 19 . In the presence of neighboring molecules the electronic wave functions of benzene are perturbed so that the forbidden (0 -0) ^u -*Aig UV absorption appears. At the same time, nonradiative transitions coupled by elu and e2g vibrations (for example) are introduced. (We have been led to look in particular for transitions coupled by the vQ e2g and >'10 elg vibrations because their UV-excitation near 40,000 cm -1 ( Fig. 1) is perturbed 19 .)
Benzvalene (Fig. 4) is a photochemical product obtained from benzene 36 ' 45 (see "Discussion" below) and the corresponding vibronic rules are given in Table 3 . If the ground state of benzvalene is the primary product there are eleven vibrations of four symmetries (including the e%s) that couple the transition in the isolated molecule. Intermolecular forces may induce coupling by some of the remaining vibrations. Also, another symmetry restriction may apply. This is the WOODWARD-HOFFMANN correlation 46 , which is invoked in tautomerizations for which the geometry change is relatively large. The correlation does not favor the 1 B2U -*Ai transition, but does favor that of ^^-benzene to ^-benzvalene 37 . Again the intermolecular forces may induce the transition by introducing some 1 The intermolecular forces might mix in planarantisymmetric states not available from alkyl-substitution. For example, out-of-plane vibrational modes may couple the 1 B2U-and ^jg-benzene states in the presence of intermolecular forces 52-54 . However, this mechanism cannot account for the solvent effect if benzvalene is the primary product. Consider the data for mesitylene. In the mesitylene tautomer both the oxy and axz-symmetric symmetries of benzvalene are removed to some degree by the alkyl groups. However, the nonradiative transition rate (Fig. 5) is affected less by the substitution than it is by a polar solvent. That the 0Z2-symmetry is not crucial to induced tautomerization is also indicated by the isolation of both 1,2,4-tri-t-butyl-and 1,3,6-tri-t-butylbenzvalenes 45 . The latter, but not the former, is symmetric about the oxz plane.
We are led to believe that (1) if the primary product of the nonradiative transition is a valence tautomer such as benzvalene, the solvent-induced nonradiative transitions are probably not caused by a breakdown of symmetry, and (2) if the intermolecular forces do break down a crucial symmetry (related to the vibronic rules), the primary product is probably planar (for example, ^ig-benzene), and the solvent perturbs this symmetry.
Discussion
Solvent Effects. In the nonradiative transition step, the particular initial and final states that interact at a given energy will depend on the solvent if the energy of one state shifts with respect to the other when the solvent is changed. However, in liquid solutions there is a large inhomogeneous broadening of the energy levels 55 . The broadening is not much different from the frequency shifts that can be induced in the electronic energy of a nonpolar molecule by changing the solvent 55 . As the shift does not greatly exceed the width, we do not expect the coupled initial and final states to change much when the solvent is changed. In particular, if the nonradiative transition is a ^^u -*Aig internal conversion, the effect of solvent on the nonradiative transition does not derive from the relative shift of the electronic energies of the coupled states. The solventinduced shift of the 1 B2u -*Alg electronic absorption frequency has been measured, and it does not correlate with the rate of the nonradiative transition as a function of solvent 12 .
If the vibrational relaxation of the primary product is the rate-determining step (Case I), the coupling energy and the observed transition rate should increase with increasing intermolecular force and should be comparatively insensitive to molecular symmetry 5C , in accord with the experimental data. Similarly the data are in accord with a mechanism in which the rate-determining step is a nonradiative electronic transition (Case II) coupled through the 52 This mechanism can be checked by calculation of the sort carried out by ALBRECHT on vibronic absorption 44 [57] [58] [59] . (In this latter case the competition between the nonradiative transition and the vibrational relaxation must be considered in detail as a function of the distance between the molecules.)
If a rate-determining nonradiative electronic transition arises from the vibronic coupling of intramolecular vibrations (IIB), there are a number of additional mechanisms possible. Increasing rates will result from increased coupling probability that is related in turn either to increasing vibronic coupling energy [ß in Table 2 ] or increasing Franck-Condon overlap (F) 33, 64 ' 65 . The coupling energy ß will increase when symmetry restrictions are removed (treated above) or when a (hange in the shape of the electronic wave functions occurs without reduction of symmetry 44 . A sensitivity of the Franck-Condon overlap F to intermolecular forces (Table 2) is expected only when the potential energy surfaces of the initial and final states are nested and when AE, the amount of electronic energy converted to vibrational energy, is large. AE should be large because the vibrational wave functions are most sensitive to intermolecular forces at high amplitudes of vibration 16 ' 66 . If the potential energy surfaces are not nested, E2 = E\ is lowered when the vibrational anharmonicities added by intermolecular forces lower the energy of the intersection (F remaining about the same).
Benzvalene as Product.
In the gas state with increasing wavenumber of excitation, increasing amounts of 1 B2U-benzene disappear (Fig. la) 8 are independent of the excitation wavenumber. In addition, neither the observed nonradiative transition rate (Fig. 5 and Ref. 50 ) nor the isolation of benzvalene 45 are markedly sensitive to alkyl-group substitution. These correlations suggest that benzvalene is a product of the induced or partially-induced transition discussed (rate k2) 69 . The primary product of the nonradiative transition may be the *At ground state of benzvalene, the *Alg ground state of benzene that subsequently converts to the tautomer 70 , or other intermediates 69 .
Conclusions

Rate-determining,
Step. In an idealized step-wise mechanism (Fig. 2) , the rate-determining step may be the vibrational relaxation of the primary product (Table 2 , Case I, induced by intermolecular forces and bearing no particular relation to the intramolecular symmetry of benzene), or the nonradiative transition [Case II, caused by displacements in the intermolecular coordinate with symmetry again irrelevant (II A), or by intramolecular vibrational displacements related to molecular symmetry (IIB)]. In the vapor 10 8 <A;AC< 10 11 sec -1 at 100 torr, and kI0. If vibrational relaxation of the product is rate-determining, kcA>kno» and kno>kto. However, vibrational relaxation of the initial resonant sublevel (Ar) and the final level (Cn) may both require only a few collisions, so kno~kro.
In such a case, the nonradiative transition (&AC) must be the rate-determining step. Such an irreversible nonradiative transition requires both that kr\c/kT0 > 1 and ^CAAIIO < 1, SO &AC ^
• This can be caused by a forward bias in the density of states £>ac > QCa.
• In liquids k\£ < kT0 and the measurements on fluorescence quenching give k2 = k~ 10 11 -10 13 sec -1 when a single activation energy E2/h c = 2400 cm -1 is adopted. These data are not consistent with values of kI0 that have been measured for the ground state of benzene and for an excited state in azulene, A;r0 ~ IO 10 -10 11 sec -1 . Either the vibrational relaxation of the levels coupled by the nonradiative transition in benzene is considerably more rapid, kT0 ~ 10 12 sec -1 in liquids, or the activation energy should be spread over several levels starting above a threshold of about 1600 cm -1 .
Solvent Effects.
Concerning the effects of intermolecular forces, the conclusions may be summarized as follows. First, when the rate-determining step is the vibrational relaxation of the primary product (Case I) or a nonradiative transition coupled by intermolecular motion (IIA), the increasing rate with increasing intermolecular force is expected, for the intermolecular coordinate enters explicitly in the transition probability. In either of these cases the induced nonradiative decay becomes slower than spontaneous emission at very low pressures in the gas phase. If nonradiative transitions persist at low pressure, the induced decay may arise from an acceleration of nonradiative transitions already coupled by intramolecular vibrations in the isolated molecule (IIB). This may be caused by reductions of molecular symmetry, with respect to which the following conclusions may be drawn: 1) If the primary product is benzvalene, and if either the Woodward-Hoffmann or vibronic symmetry rules are valid, the intermolecular forces do not act to break the symmetry restrictions. This is because the rate is not significantly accelerated by alkyl-substitutions, and these perturb the relevant symmetry more than the intermolecular forces.
71 Measurement of the activation energy may be possible in solvents such as glycerol or water that are rigid enough to trap the benzvalene before it reconverts to benzene. The amount of trapped benzvalene may be determined after conversion to more stable derivatives.
2) When the primary product is planar (for example, benzene x Aig) the intermolecular forces may mix in planar-antisymmetric states and introduce coupling by out-of-plane vibrations.
Also the effects of intermolecular forces (under II) may not be due to a breakdown of symmetry but to variations in: i) AE, the electronic energy converted to vibrational energy during the transition. However in liquids the inhomogeneous broadening of the vibronic levels is so large that this seems unlikely. If the primary product is ^ig-benzene, the variation in AE does not explain the solvent effect observed, for there is no correlation between the nonradiative transition rate and the changes in AE, which have been measured;
ii) Franck-Condon overlap, F. A solvent is expected to significantly affect F only when AE is large and the potential energy curves are nested at the transition energy (possible when the product is the ground electronic state of benzene and the threshold energy derives from the increasing density of states with increasing energy) ;
iii) The energy at which two potential energy surfaces intersect, as expected when AE and the geometry change (or force constant change) are both large (for example, when ^i-benzvalene is the primary product).
The mechanisms ii) and iii) depend on anharmonicities in the potential energy surfaces and their sensitivity to intermolecular forces.
Benzvalene. Correlations between the nonradiative transition (rate k2) and the formation of benzvalene suggest that the tautomer is a product of the transition. If so, the activation energy for its formation in liquids should be 2400 cm -1 (see 71 ' 72 ), and the formation may be catalyzed by carbon tetrachloride, chloroform, possibly 1,3-pentadiene, or other complex-forming compounds, as well as by molecules of high dipole moment and polarizability (Fig. 3) . The geometry change that occurs in the tautomerization is relatively large, so the FranckCondon overlap may require many vibrational excitations in the primary product of the initial nonradiative transition step. This product may be the ground state of benzvalene or the ground state of benzene that leads in turn to the tautomer. In the latter case, if the rate-determining step is the ^u -*Aig internal conversion coupled by intramolecular vibrations, the formation of benzvalene might be catalyzed by chemical substitutions that reduce the planar-symmetric symmetry ' 3 .
Nonradiative transitions are exceptionally rapid in benzyl-
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Lumineszenzuntersuchungen zum Problem der Energieübertragung in organischen Molekülkristallen
I. Einleitung
Zur Untersuchung des Energieübertragungsmedia-nismus wurden neben polykristallinen Pulvern 1-3 bereits mehrfach dotierte Einkristalle aromatischer Kohlenwasserstoffe benutzt. Sowohl aus den relativen Intensitäten von Grundgitter-und Gastfluoreszenz 4 ' 5 als auch aus der Abnahme der GrundgitterAbklingdauer mit steigender Gastkonzentration 6-8 lassen sich Rückschlüsse auf Art und Reichweite des Energieübertragungsgprozesses ziehen.
Für die Erklärung der Energieübertragung in organischen Molekülkristallen wird meistens die Beschreibungsweise durch Excitonenwellen herangezogen [9] [10] [11] . POWELL und KEPLER 12 schließen allerdings aus Abklingzeitmessungen am System Anthracen/Tetracen auf eine starke Beteiligung einer weitreichenden Dipol-Dipol-Wechselwirkung 13 . Bei geringen Gastkonzentrationen und großen Schichtdicken wird gelegentlich auch eine zusätzliche Ener-
